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 13 
Abstract 14 
Using a combination of Landsat, Pléiades and CORONA satellite imagery from 1967 to 2017, 15 
we map changes in the terminus position, ice surface velocity and surface elevation of Sabche 16 
Glacier, and report the first observations of surging behaviour in central Nepal. Our 17 
observations show that Sabche Glacier surged four times over the last 50 years. The three most 18 
recent surges occurred at 10 to 11-year cycles, which is one of the shortest surge cycles ever 19 
recorded. Detailed analysis of the most recent surge (2012 onwards), indicates that the glacier 20 
advanced 2.2 km and experienced maximum velocities of 1.6 ± 0.10 m day-1. During this surge, 21 
there was a surface elevation gain at the terminus of up to 90 ± 6.19 m a-1, with a corresponding 22 
2 
 
surface lowering of between 10 ± 6.19 and 60 ± 6.19 m a-1, 3 km up-glacier of the terminus. 23 
This transfer of mass amounted to a volume of ~2.7 × 107 ± 0.1 × 107 m3a-1. Sabche Glacier is 24 
the first surge-type glacier to be observed in the central Himalayas, but this is consistent with 25 
a previous global analysis which indicates that surge-type glaciers should exist in the region. 26 
We hypothesise that the surge is at least partially controlled by subglacial topography, whereby 27 
a major subglacial overdeepening and constriction 3 km up-glacier of the terminus provides 28 
resistance to glacier flow from the accumulation area to the ablation area. This overdeepening 29 
appears to store mass until a threshold is crossed, after which the glacier flows out of the 30 
subglacial depression and rapidly surges over a bedrock lip and down the valley. Thus, whilst 31 
the surges are likely to be facilitated by subglacial processes (e.g. changes in subglacial 32 
hydrology and/or basal thermal regime), the topographic setting of the glacier appears to be 33 
modulating both the timing and duration of each surge.   34 
 35 
1 Introduction 36 
Surge-type glaciers fluctuate between long periods (10s to 100s of years) of slow flow and 37 
shorter periods (1 to 10 years) of faster flow, during which ice surface velocities increase by 38 
up to three orders of magnitude (e.g. Clarke et al. 1984; Jiskoot et al. 1998; Meier and Post 39 
1969). These oscillations are not thought to be directly triggered by external climate forcing, 40 
but rather by internal instabilities, linked to changing conditions at the glacier bed (Meier and 41 
Post 1969; Sevestre and Benn 2015; Sharp 1988). During the slow, or quiescent, phase of the 42 
surge cycle, ice builds up in a reservoir area, and is then transferred rapidly down-glacier to a 43 
receiving area, during the fast, or surge, phase (e.g. Meier and Post 1969; Murray et al. 2000). 44 
There is a distinct pattern in the global distribution of surge-type glaciers, with large clusters 45 
found in Alaska-Yukon, Arctic Canada, Greenland, Iceland, Svalbard, and High Mountain 46 
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Asia, while very few have been recorded in other regions such as the European Alps or 47 
Scandinavia (Jiskoot et al. 1998; Sevestre and Benn 2015; Sharp 1988). While the lengths of 48 
the surge and quiescent phases tend to be consistent for individual surge-type glaciers, marked 49 
differences have been observed between these different geographic regions (e.g. Meier and 50 
Post 1969; Murray et al. 2003; Sevestre and Benn 2015). Glaciers in Svalbard tend to have 51 
surge periods lasting between 3 and 10 years and quiescent periods lasting between 50 and 500 52 
years (Dowdeswell et al. 1991). In contrast, surge-type glaciers in Alaska-Yukon, the Pamirs, 53 
and Iceland, have much shorter surge (1 to 3 years) and quiescent (20 to 40 years) phases 54 
(Dowdeswell et al. 1991; Murray et al. 2003). These observed differences have led to the 55 
development of two main theories to explain surge-type glacier behaviour through either a 56 
thermal (Clarke et al. 1984; Murray et al. 2003) or hydrological (Kamb 1987) mechanism. 57 
Thermally-driven glacier surges, common in Svalbard, are thought to be triggered by changes 58 
in the basal thermal regime, whereby a surge-front of warm-based and fast-flowing ice 59 
propagates down-glacier into stagnant cold-based ice and activates it into surging (Clarke et al. 60 
1984; Murray et al. 1998). Thermal glacier surges can also be influenced by changes in the 61 
amount of bed deformation occurring under the glacier (Clarke et al. 1984; Jiskoot et al. 1998). 62 
In contrast to thermally-driven surges, temperate glaciers, such as Variegated Glacier (Kamb 63 
et al. 1985) and West Fork Glacier (Harrison et al. 1994) in Alaska, are thought to surge due to 64 
changes in their basal hydrology. Specifically, surging occurs when an efficient subglacial 65 
hydrological system switches to an inefficient cavity system generating increased water 66 
pressures at the bed and promoting rapid basal sliding (Kamb 1987).  67 
While surge-type glaciers are rare, constituting less than 1% of glaciers worldwide (Jiskoot et 68 
al. 1998), they can provide valuable insight into glacier dynamics and the mechanisms 69 
triggering surge-type behaviour and fast glacier flow (Clarke 1987). They can also present 70 
major hazards in populated areas through their influence on glacial lake outburst floods 71 
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(GLOFs), rapid meltwater and sediment release, and the overriding of infrastructure (Haeberli 72 
et al. 2002; Kääb et al. 2005; Richardson and Reynolds 2000). Moreover, knowledge of the 73 
spatial distribution of surge-type glaciers is vital for separating internal glacier dynamics from 74 
the climate change signal. This is especially important in High Mountain Asia, as the spatial 75 
distribution of surge-type glaciers in the region is highly variable (Sevestre and Benn 2015) 76 
and the region is undergoing accelerated glacier changes due to climatic forcing (Gardelle et 77 
al. 2012; Gardelle et al. 2013; Kääb et al. 2012).  78 
Surge-type glaciers in High Mountain Asia have been well-documented in the Karakoram 79 
(Copland et al. 2009; Copland et al. 2011; Gardner and Hewitt 1990; Hewitt 2007; Quincey et 80 
al. 2011), Pamirs (Dolgoushin and Osipova 1975; Kotlyakov et al. 2008) and Tien Shan 81 
(Dolgoushin and Osipova 1975; Pieczonka and Bolch 2015). However, no glacier surges have 82 
been recorded in the central Himalayas, which we define as the section of the Himalayan range 83 
extending from Northern India to Bhutan (Fig. 1). Despite this, Sevestre and Benn (2015) 84 
predicted that surge-type glaciers should occur in this region using the species distribution 85 
model Maxent. The model used climatic (mean annual temperature (MAT) and mean annual 86 
precipitation (MAP)) and geometric (glacier length and slope) data to predict the global 87 
distribution of surge-type glaciers. This is based on the compilation of a geodatabase of known 88 
surge-type glaciers which revealed that they preferentially cluster within a distinct climatic 89 
envelope (with an MAT range of -12 to +8°C and an MAP range of 165 to 2155 mm a-1) and 90 
that they tend to be longer and have shallower mean surface slopes than normal glaciers in 91 
these regions (Sevestre and Benn 2015). In High Mountain Asia, the model accurately 92 
predicted the likelihood of surge-type glaciers in the Pamirs, Karakoram and Tien Shan. It also 93 
predicted surge-type glaciers in the central Himalayas, but they noted the absence of 94 
observations of surging in this region and speculated that the model might be over-predicting 95 
their occurrence (Sevestre and Benn 2015). 96 
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 97 
Figure 1: Study area map. A) Location of the central Himalayas and the A-M region in Nepal, B) 98 
location of Sabche Glacier in the A-M region, Pokhara and Ghachowk hydrological station and C) map 99 
of Sabche Glacier with the central flowline (yellow dotted line), the approximate position of the 100 
recurring separation point between the main body of the glacier and its tongue (red line) and the location 101 
of Annapurna III. The white arrow indicates the location of the glacier terminus. The base image is a 102 
pan-sharpened Landsat 8 scene from 1st December 2015, courtesy of USGS. 103 
 104 
In this paper, we use observations of frontal position, ice surface velocity and surface elevation 105 
change to identify a surge-type glacier in the large (10 km wide) Sabche cirque basin in the 106 
Annapurna-Manaslu (A-M) region in central Nepal, hereafter referred to as Sabche Glacier. 107 
This represents the first surge-type glacier to be recorded in the central Himalayas. We compare 108 
its characteristics to surge-type glaciers elsewhere in High Mountain Asia and other geographic 109 
regions, and discuss the possible mechanisms controlling its behaviour. 110 
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2 Study site 111 
Sabche Glacier (28.56° N, 84.01° E) (Fig. 1) is in the south-west of the A-M region, on the 112 
south-east facing slope of Annapurna III (location in Fig. 1C). It is one of the larger glaciers in 113 
the A-M region with an area of 9.1 km2 in 2014. It has a mean surface slope of 28.2°, a mean 114 
aspect of 178° and descends across a large altitudinal range, from 7489 to 3773  m asl, based 115 
on a glacier outline we digitised from a Landsat 8 scene from 1st December 2015 (Table S1). 116 
Over half of the glacier’s area (5.2 km2, 57%) is covered in supraglacial debris and it sits in the 117 
steep-sided, bowl-shaped Sabche basin, and flows into a narrow outlet, forming a long (3 km) 118 
glacier tongue (Fig. 1C).  119 
Sabche Glacier is located at the head of, and feeds into, the Seti Gandaki river, which flows 120 
through highly populated areas, including Pokhara (population ~400,000), located 30 km 121 
down-stream. The Seti Gandaki river has a history of dramatic, and occasionally deadly, 122 
flooding events (Fort 1987; Oi et al. 2014). Between 1000 and 500 years ago, catastrophic 123 
debris-flows led to the formation of the large sediment-filled basin upon which Pokhara is 124 
located (Yamanaka 1982). Sedimentological studies indicate that the majority of clasts (90%) 125 
deposited by these events were provided by perched glacial tills in the large Sabche cirque, 126 
originally derived from the glaciated cirque headwall (Fort 1987). While it has been suggested 127 
that the debris-flows were triggered by a series of earthquakes between A.D. 1100 and 1344 128 
(Schwanghart et al. 2015), the mechanisms capable of transporting sufficiently large volumes 129 
of debris down-valley are still open to debate, with GLOFs and rock-ice avalanches proposed 130 
as potential agents (Fort 1987; Schwanghart et al. 2015). More recently, in May 2012, hyper-131 
concentrated floods in the Seti Gandaki killed 13 people, triggered by a massive rock and ice 132 
avalanche from Annapurna IV (Evans and Delaney 2015; Oi et al. 2014; Schwanghart et al. 133 
2015).  134 
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The impact of Sabche Glacier’s behaviour on river outputs and the related flooding events has 135 
not been assessed. However, surge-related outburst floods have been observed in other regions, 136 
including: i) Skeiðarárjökull in Iceland where, in 1991, a glacier surge led to the partial 137 
drainage of the subglacial lake Grímsvötn (Björnsson 1998); ii) Bering Glacier in Alaska, 138 
where an outburst flood coincided with the termination of the first of a two-stage surge between 139 
1993 and 1995 (Burke et al. 2010; Fleisher et al. 1998); and iii) Medvezhiy Glacier, in the 140 
Pamirs (Dolgoushin and Osipova 1975). Based on the severity of previous floods in the Seti 141 
Gandaki, the potential contribution of Sabche Glacier to major flooding events warrants further 142 
investigation.  143 
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3 Methods 144 
3.1 Data acquisition 145 
Landsat satellite images were obtained at annual to sub-annual intervals from 1988 to 2017 146 
(Landsat 5 to 8) from the US Geological Survey (USGS: https://earthexplorer.usgs.gov/) 147 
(details of individual scenes are summarised in Table S1). The spatial resolution of the Landsat 148 
scenes varied from 15 to 30 m (Table S1). Where possible, scenes were chosen between 149 
October and February of each year to minimise the likelihood of cloud and snow cover 150 
associated with the Asian monsoon (see Table S1 for exact dates). There were no discernible 151 
seasonal differences in terminus position (<15 m) between October and February during the 152 
quiescent phases. CORONA satellite imagery from the KH-4A, KH-4B and KH-9 satellite 153 
missions were obtained from the USGS for the years 1967, 1970 and 1974, with spatial 154 
resolutions ranging from 2 to 6 m (Table S1). These dates were dictated by the availability of 155 
cloud-free imagery. In order to minimise topographic distortion, a subset image of each 156 
CORONA scene was created to cover the glacier terminus area and these were then geo-157 
referenced to a Landsat 8 base image (LC81420402015335LGN00) (Table S1) by matching 158 
easily recognisable, stable features around the terminus in the two scenes using tie-points. This 159 
yielded root mean square (RMS) values between 11 and 20 m, which is comparable to the pixel 160 
resolution. The co-registration error for the CORONA imagery was calculated by measuring 161 
the displacement between 15 points on known stable ground between the CORONA images 162 
and the Landsat base image. Mean co-registration error was 35 m for the 1967 scene, 36 m for 163 
the 1970 scene and 24 m for the 1974 scene. These errors are much smaller than the observed 164 
terminus changes. Two pairs of Pléiades satellite panchromatic stereo scenes, from 12th 165 
October 2014 and 19th November 2015, were also obtained from the European Space Agency 166 
(ESA) (Table S1). The scenes were chosen to capture the before- and after-surge configuration 167 
of the glacier and for their minimal snow and cloud cover. These scenes had a spatial resolution 168 
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of 0.5 m. The 2014 stereo pair had along-track angles of -9.6°and 4.8° (convergence angle of 169 
14.4°) and the 2015 pair had along-track angles of -8° and 3.4° (convergence angle of 11.4°).  170 
 171 
3.2 Glacier terminus position change 172 
Glacier terminus positions were digitised manually from CORONA scenes in 1967, 1970 and 173 
1974 and from Landsat scenes between 1988 and 2017 at roughly annual intervals, and sub-174 
annually (1- to 6-month intervals) where cloud-free images were available (Table S1). Glacier 175 
terminus position change was calculated using the well-established box method (e.g. Moon and 176 
Joughin 2008), using a curvilinear box to account for a bend in the valley (Lea et al. 2014). 177 
The rate of terminus position change was calculated in both m day-1 and m a-1 to allow 178 
comparisons with other studies. Manual digitising was conducted by the same person to 179 
maximise consistency in the method and interpretation of the glacier terminus position. The 180 
digitising error for the glacier terminus position changes was assessed by repeatedly digitising 181 
the terminus and measuring the maximum variation between the digitised lines from a 182 
representative scene per satellite data type. Digitising errors ranged from 11 to 26 m. 183 
 184 
3.3 Glacier velocities 185 
East/west and north/south surface displacements were mapped using feature tracking in COSI-186 
Corr software (Leprince et al. 2007) on four pairs of band 8 panchromatic scenes from the 187 
Landsat 7 ETM+ and Landsat 8 OLI TIRS sensors (15 m resolution) taken between 2011 and 188 
2016. The intervals between the images in each pair used to calculate the velocity 189 
measurements depended on image availability. Some scenes were affected by cloud or snow 190 
cover and therefore could not be used. Consequently, intervals between scenes ranged from 16 191 
to 48 days. Glacier velocities were not calculated for the period prior to 2011 due to the lack 192 
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of suitable imagery. Before calculating velocity, the displacement maps were post-processed 193 
using tools in COSI-Corr to filter out noise with a signal-to-noise ratio of less than 0.9, 194 
following methods by Scherler et al. (2008) (Fig. S1). The correlations derived from the 195 
Landsat 7 scenes required additional filtering to remove striping introduced by attitude effects 196 
in the satellite imagery (Scherler et al. 2008) (Fig. S2). Shadow, cloud, and areas affected by 197 
snowfall, especially where snow was present in one scene of the pair and not the other, tended 198 
to generate noise in the velocity output and were masked out and a simple directional filter was 199 
applied to remove erroneous displacement values that clearly contradicted the direction of 200 
general glacier flow (Fig. S1). Daily velocities (m day-1) were calculated by dividing the 201 
velocity maps by the number of days in each interval. Error was estimated for each map by 202 
calculating the mean of the velocity values extracted from 30 points located off-glacier around 203 
Sabche Glacier (location of points in Fig. S3). The same points were used for each velocity 204 
map and they were placed on terrain that was judged to be stable (e.g. vegetated or with shallow 205 
slopes where possible). Errors for individual velocity maps ranged from ± 0.06 m day-1 to ± 206 
0.12 m day-1 (Fig. S3). The glacier outline, separating on- and off-glacier areas was manually 207 
digitised from Landsat imagery.   208 
 209 
3.4 Digital elevation models and changes in glacier surface elevation and volume 210 
Digital elevation models (DEMs) of Sabche Glacier were generated from the 12th October 2014 211 
and 19th November 2015 Pléiades stereo pairs using Erdas Imagine’s Photogrammetry Suite. 212 
The Pléiades scenes, which were obtained at primary processing level, were georeferenced 213 
using just the rational polynomial coefficients (RPCs) provided with each scene because we 214 
did not have any ground control points (GCPs) for the area. Over 100 tie-points were used on 215 
each stereo pair to minimise the root mean squared error (RMSE) of the triangulation models. 216 
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Both stereo pairs had RMSE values of 0.07 pixels. Following Berthier et al. (2014), we chose 217 
an output spatial resolution of 4 m for the DEMs to decrease processing time but maintain 218 
sufficient detail for analysis. Due to the lack of accurate GCPs on Sabche Glacier, it was only 219 
possible to generate relative DEMs using tie-points rather than absolute DEMs. However, a 220 
previous assessment of the quality of a pair of absolute DEMs generated with GCPs and a pair 221 
of relative DEMs generated without GCPs, revealed that the mean off-glacier elevation 222 
differences between the absolute and relative pairs were very similar (within 0.03 m) once both 223 
pairs had been horizontally and vertically co-registered using the stable (off-glacier) terrain 224 
(Berthier et al. 2014). 225 
The Pléiades DEMs were assessed and corrected following Nuth and Kääb (2011) (Fig. S4). 226 
First, areas in the DEMs affected by noise due to cloud cover and shadow were filtered out. 227 
Next, the DEMs were horizontally and vertically co-registered by iteratively minimising the 228 
root mean square height difference of stable (off-glacier) terrain (Nuth and Kääb 2011) (Fig. 229 
S4A and B). It was calculated that the 2014 Pléiades DEM needed to be shifted 45.34 m, -18.47 230 
m and -201.25 m in the x, y and z direction, respectively, to align the DEMs.  Following this, 231 
the DEMs were assessed for an elevation-dependent bias by plotting elevation differences 232 
against elevation on stable terrain only (Nuth and Kääb 2011). However, no obvious bias was 233 
observed and, as such, no correction was undertaken (Fig. S4F). Due to the lack of GCPs and 234 
other high resolution DEMs of the area, it was not possible to validate the quality of the DEMs 235 
against an independent dataset. However, the relative error between the DEMs was assessed 236 
using the mean, median and standard deviation of the differences between the two datasets on 237 
stable terrain (see Nuth and Kääb 2011) (Table 1). The normalised median absolute deviation 238 
(NMAD) was used as an additional assessment of vertical precision between the datasets which 239 
is less sensitive to outliers compared with the standard deviation (see Berthier et al. 2014) 240 
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(Table 1). Error in the text is quoted as the standard deviation (m a-1) of elevation differences 241 
on stable terrain (Nuth and Kääb 2011).  242 
Table 1: Statistics of the off-glacier elevation differences between the two DEMs (mean, median, 243 
standard deviation and NMAD), calculated for ~4 900 000 pixels, before and after co-registration and 244 
converted to m a-1.  245 
 DEM before 
co-registration  
DEM after co-
registration 
DEM after co-
registration (m a-1) 
Mean (m) -206.01 -0.42 -0.37 
Median (m) -208 -0.6 -0.54 
Standard 
deviation (m) 36.85 6.83 6.19 
NMAD (m) 27.43 1.99 1.81 
 246 
The large horizontal and vertical shifts required to co-register the DEMs were most likely a 247 
result of the tools we used to process the DEMs. Much smaller shifts can be obtained using 248 
alternative tools (E. Berthier, personal communication, 2018), but this does not affect the 249 
relative differences in elevation that we report in this paper. The DEM corrections, following 250 
established correction procedure by Nuth and Kääb (2011), reduced the standard deviation of 251 
elevation differences on stable terrain from 36.85 m to 6.83 m (6.19 m a-1) and the mean 252 
elevation difference from -206.01 to -0.42 m (-0.37 m a-1) (Table 1 and Fig. S4D and E). This 253 
error is much smaller than the on-glacier surface elevation changes we expect to observe and 254 
is consistent with the error values of corrected DEMs in other studies (King et al. 2017; Nuth 255 
and Kääb 2011). We are therefore confident that DEM co-registration has reduced geolocation 256 
errors sufficiently to obtain useful surface elevation change data.  Figure S4D and E show 257 
summaries of elevation differences on the stable terrain before correction and after correction. 258 
Glacier surface elevation change was calculated by subtracting the 2014 DEM from the 2015 259 
DEM and was converted into annual elevation change for comparison with other studies. Only 260 
relative, rather than absolute, surface elevation change was calculated, due to the lack of GCPs. 261 
However, this is sufficient for our analysis which aims to assess how Sabche Glacier’s surface 262 
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elevation on 19th November 2015 has changed relative to 12th October 2014. Mean glacier 263 
elevation changes per 200 m elevation band were calculated for the lower and intermediate 264 
elevations on the glacier (3600-4800 m elevation). Mean elevation changes were not calculated 265 
for the upper elevation bands due to large gaps in the data. 266 
Surface elevation change was converted into volume change for the area of maximum elevation 267 
loss and the area of maximum elevation gain (locations in Fig. S5) by multiplying the on-268 
glacier elevation differences by the area of the glacier sub-sections. We did not calculate 269 
volume change for the upper glacier area due to a large number of data gaps. The upper and 270 
lower error boundaries of volume change were calculated by adding/subtracting the mean off-271 
glacier error from the mean elevation change of each glacier sub-section and multiplying by its 272 
area.  273 
Glacier geometry including area, centre flowline length, hypsometry, altitudinal range and 274 
aspect were calculated for Sabche Glacier using Landsat imagery and the ASTER GDEM v2. 275 
 276 
 277 
 278 
 279 
 280 
  281 
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4 Results 282 
4.1 Glacier frontal position change (1967 to 2017) 283 
Terminus position measurements show that Sabche Glacier advanced four times between 1967 284 
and 2017 (Fig. 2). There was an interval of at least 17 years between the first period of advance 285 
(measured in 1974) and the beginning of the second period of advance (1991) and the last three 286 
advance periods occurred at 10 to 11-year intervals (Fig. 2). However, we may have missed an 287 
additional advance due to the data gap between 1974 and 1988, given the interval between the 288 
three most recent advances. The maximum distance of terminus advance varied between the 289 
first three surges (Fig. 2). During both the second and third advance periods, the terminus had 290 
an initially rapid advance (~1 m day-1, ~365 m a-1) lasting several months, reducing into a less 291 
rapid advance (<0.5 m day-1, <180 m a-1) and followed by retreat. The most recent advance 292 
period, from 2012 onwards, was of a much greater magnitude and more rapid than the previous 293 
three, with a maximum advance rate of 5.2 m day-1 (1900 m a-1) between May and November 294 
2015 and a maximum advance of 2.2 km, relative to 1967, at the most recent measurement date 295 
(25th March 2017) (Fig. 2). This advance also slowed down towards the end of the measurement 296 
period (~0.5 m day-1, ~180 m a-1 between January and March 2017). High magnitude and rapid 297 
retreats in terminus position followed the first three periods of advance in 1974 (-1.5 km), 1995 298 
(-1 km) and 2008 (-0.8 km) (Fig. 2). These retreat events occurred where the glacier tongue 299 
disconnected from the main glacier body as a result of localised acceleration and glacier 300 
extension caused by a large increase in slope (Fig. 1C and 3 and Fig. 5D). An animated time-301 
lapse video of Landsat imagery showing the three most recent periods of advance (1988-2015) 302 
can be viewed in Supplementary video. 303 
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 304 
Figure 2: Glacier frontal position changes of Sabche Glacier relative to 1967 with individual advance 305 
(surge) periods numbered (1 to 4). Circles plot measurement dates. 306 
 307 
 308 
Figure 3: A large increase in slope encouraging localised acceleration and extension, leading to the 309 
separation of Sabche Glacier’s tongue from the main part of the glacier and the exposure of bedrock in 310 
November 2017. See Figure 1 for the position of the recurring separation point on Sabche Glacier. 311 
Background image: Digital Globe imagery on Google Earth on 10th November 2017.312 
 313 
 314 
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4.2 Ice surface velocities (2011 to 2016) 315 
Ice surface velocities were calculated between 2011 and 2016, covering the most recent 316 
advance period. In November and December 2011, before the most recent terminus advance, 317 
glacier tongue velocities ranged from 0 to 0.8 ± 0.08 m day-1 (~290 m a-1) and there were 318 
minimal changes in terminus position (Fig. 4B). By December 2013, coinciding with the 319 
beginning of the most recent advance period (Fig. 4A), higher velocities (0.4 to 0.8 ± 0.12 m 320 
day-1; ~140 to 290 m a-1) had spread over a large area of the glacier tongue  (Fig. 4C). Between 321 
January and February 2016, velocities at the tongue ranged between 0 and 1.6 ± 0.10 m day-1 322 
(580 m a-1) and increased velocities extended throughout most of the glacier tongue and up to 323 
a distinct bowl-shaped area 3 km up-glacier of the terminus (Fig. 4D). This period of increased 324 
velocities coincided with rapid terminus advance (Fig. 4A). By November and December 2016 325 
(Fig. 4E), the highest velocities had shifted to the lower section of the tongue, and the upper 326 
section had reverted to slow-flow, with velocities of < 0.2 ± 0.06 m day-1 (~70 m a-1).  327 
 328 
329 
330 
 331 
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 332 
Figure 4: Velocities (m day-1) on Sabche Glacier during 2011, 2013 and  2016 (B-E), arranged along 333 
a timeline with frontal position changes (A) for the same period. The glacier outlines show changes in 334 
the frontal positions of the glacier. The velocities were calculated using 15 m resolution imagery. 335 
 336 
4.3 Glacier surface elevation and volume changes (12th October 2014 to 19th November 2015) 337 
Between 12th October 2014 and 19th November 2015, Sabche Glacier experienced a surface 338 
elevation gain of up to 90 ± 6.19 m a-1 at the glacier terminus and surface lowering of between 339 
10 ± 6.19 and 60 ± 6.19 m a-1, 2-3 km further up-glacier, with the maximum surface lowering 340 
occurring in a distinct bowl-shaped area at the top of the glacier tongue (Fig. 5A). This change 341 
in elevation coincided with the advance of the terminus (Fig. 5B and C). The largest surface 342 
lowering along the centre line occurred between 1.8 and 4.8 km from the glacier headwall (Fig. 343 
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5A and D), and the largest surface elevation gain occurred from 4.8 km onwards (Fig. 5A and 344 
D). Mean glacier elevation change per 200 m elevation band was positive near the glacier 345 
terminus (3600-4200 m elevation), ranging from 22 ± 6.19 m a-1 to 54 ± 6.19 m a-1 (Fig. 5E). 346 
In the intermediate elevation bands, between 4200 and 4800 m elevation, mean elevation 347 
change was negative, with a maximum mean surface lowering of -18 ± 6.19 m a-1 (Fig. 5E). 348 
The area of maximum elevation loss, between 1.8 and 4.8 km distance from the headwall had 349 
a net volume change of -2.8 × 107 ± 0.1 × 107 m3 a-1 and the area of maximum elevation gain at 350 
the glacier terminus, from 4.8 km onwards, had a net volume change of +2.7 × 107 ± 0.3 × 106 351 
m3 a-1 (Fig. 5A and D). 352 
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 353 
Figure 5: A) Surface elevation change (m a-1) calculated from the 12th October 2014 (towards the 354 
beginning of the surge) and 19th November 2015 (middle of the surge) Pléiades DEMs, and the 355 
location of the glacier central flowline, the red dashed box indicates the location of the overdeepening 356 
B) 2014 DEM hill-shade (beginning of surge), C) 2015 DEM hill-shade (middle of surge) and D) 357 
central flowline long profiles of the 2014 and 2015 DEMs revealing surface elevation changes 358 
between the two dates, as the surge progressed. Red areas show net elevation loss, blue areas show net 359 
elevation gain. The black lines show the boundary between the sections of loss and gain at 1.8 and 4.8 360 
km distance from the headwall. The large increase in slope in the bed topography at the location 361 
where the glacier tongue repeatedly disconnects is indicated with a green arrow. The location of the 362 
hypothesised subglacial overdeepening is indicated with a maroon arrow. E) Mean elevation change 363 
(m a-1) on Sabche Glacier calculated between 12th October 2014 and 19th November 2015 per 200 m 364 
elevation band and the distribution of glacier area with elevation (red line). 365 
 366 
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 367 
 368 
4.4 Glacier surface morphology  369 
Changes in the glacier’s surface morphology were analysed using the Pléiades DEMs. Between 370 
12th October 2014 (towards the beginning of the surge) and 19th November 2015 (midway 371 
through the surge), several striking morphological changes occurred on the glacier surface (Fig. 372 
6). On 12th October 2014, the glacier tongue and west tributary were heavily crevassed, but 373 
most of the upper glacier area had a relatively smooth, crevasse-free surface (Fig. 6A). By 19th 374 
November 2015, the crevassing had propagated up-glacier to cover most of the glacier surface 375 
with large extensional crevasses appearing in the upper glacier area and compressional 376 
crevasses occurring at the glacier terminus (Fig. 6B). In 2014, a distinctive lobe-shaped surface 377 
feature, approximately 200 m wide and with a smooth surface, was observed just up-glacier of 378 
the tongue (Fig. 6A and C). By 2015, this feature had been replaced by a large and heavily 379 
crevassed bowl-shaped depression with an area of ~0.3 km2 (Fig. 6B and D). This bowl-shaped 380 
area is also visible in the same location on the glacier in a CORONA satellite image from 19th 381 
November 1970 and comparison of the 1970 image with the 2015 Pléiades scene shows very 382 
similar crevasse patterns (Fig. 7B and C). This includes crescentic extensional crevassing on 383 
the north-east side and a line of intense crevassing across the narrow valley at the top of the 384 
glacier tongue (highlighted in yellow in Fig. 7B and C). 385 
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 Figure 6: A 386 
summary of the morphological changes on the surface of Sabche Glacier between A) 12th October 2014 and B) 19th November 2015 (background image: hill-387 
shades of Pléiades DEMs). C) Magnified view of the lobe-shaped feature on 12th October 2014 and D) same view on 19th November 2015 with the heavily 388 
crevassed depression (background images: Pléiades panchromatic scenes of the same dates).389 
22 
 
390 
391 
Figure 7: Repeated appearance of a bowl-shaped depression and similar crevasse patterns, 3 km up-392 
glacier of the terminus in 1970 and 2015. (A) Location of bowl-shaped depression, (B) crevasse patterns 393 
in a CORONA satellite image from 19th November 1970 and (C) in a Pléiades satellite image from 19th 394 
November 2015. The yellow dashed curved lines highlight similar crescentic crevassing and the yellow 395 
dashed boxes highlight similar intense crevassing at the point where the glacier flows into the narrow 396 
valley. 397 
 398 
  399 
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5 Discussion 400 
5.1 Sabche Glacier surge characteristics 401 
Several independent lines of evidence strongly suggest that Sabche Glacier is a surge-type 402 
glacier. These include: i) regularly fluctuating terminus positions; ii) rapid ice surface velocity 403 
acceleration and deceleration; iii) large and rapid surface elevation changes, and; iv) 404 
widespread propagation of crevassing on the glacier surface (Grant et al. 2009; Meier and Post 405 
1969; Murray et al. 2003; Sharp 1988). Our data suggest that the glacier surged up to four times 406 
during the last 50 years and, from 1991 onwards, surged every 10 to 11 years (Fig. 2). However, 407 
a gap in the terminus position change dataset, between 1974 and 1988, may mean an additional 408 
surge was missing from the record: based on the 10 to 11-year cycle of the three most recent 409 
surges, we would expect another surge to have initiated between 1978 and 1980. While there 410 
has been no previous record of glacier surges in the central Himalayas to our knowledge, this 411 
new discovery of a surge-type glacier helps validate a recent model that predicted surges in this 412 
region (Sevestre and Benn 2015) and suggests that there might be other undocumented surge-413 
type glaciers in the region.  414 
Based on the terminus position change chronology (from 1991 to 2017) (Fig. 2), Sabche 415 
Glacier has one of the shortest surge cycles (10 to 11 years) (Table 1) and quiescence phases 416 
(4 to 7 years) ever recorded. For comparison, between 1905 and 1995, the surge cycle of 417 
Variegated Glacier in Alaska ranged from 13 to 18 years and between the 1982/3 and 1995 418 
surges, it had a quiescence phase of 12 years (Eisen et al. 2005; Kamb et al. 1985). Shokal’sky 419 
Glacier in the Zailai-Alatau mountain range in Kazakhstan has a surge cycle of  11 to 12 years, 420 
and Medvezhiy Glacier and North Tanymas Glacier in the Pamirs have surge cycles of 12 to 421 
14 years and 13 years, respectively (Dolgoushin and Osipova 1975). Sabche Glacier could 422 
therefore represent an end-member of a spectrum of observed glacier surge cycle lengths 423 
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ranging from slow surge cycles (40 to 130 years) in Svalbard and Arctic Canada (Frappé and 424 
Clarke 2007; Murray et al. 2003) to rapid surge cycles (11 to 40) in the Pamirs, Karakoram, 425 
North America and Iceland (Table 1) (Copland et al. 2011; Dolgoushin and Osipova 1975; 426 
Dowdeswell et al. 1991; Kotlyakov et al. 2008). Therefore, it is important to understand Sabche 427 
Glacier’s surging mechanism to capture the full range of surge-type glacier behaviour globally. 428 
Table 1: Summary of the surge and surge cycle lengths, maximum velocity (m day-1) and terminus 429 
advance (km) for surge-type glaciers in different regions. Those in Arctic Canada and Svalbard tend 430 
have slow surge cycles, while those in the Pamirs, Karakoram, northwest North America and Iceland, 431 
tend to have rapid surge cycles. Sources: (Copland et al. 2011; Desio 1954; Dolgoushin and Osipova 432 
1975; Dowdeswell et al. 1991; Frappé and Clarke 2007; Kotlyakov et al. 2008; Murray et al. 2003; 433 
Murray et al. 2000). 434 
Glacier region Surge duration 
(yr) 
Surge cycle 
duration 
(yr) 
Maximum 
Velocity (m/day) 
Terminus 
advance 
(km) 
Arctic Canada 
and Svalbard 
3 to 10 40 to 130 0.1 to 16 0 to 3 
Pamirs, 
Karakoram, 
northwest North 
America, Iceland 
1 to 2 11 to 40 3 to 110 0 to 7.5 
Sabche Glacier, 
Nepal 
3 to 5 10 to 11 2 2.2 
 435 
 436 
5.2 Potential influence of subglacial topography on surge timing and duration 437 
The short surge cycle length of Sabche Glacier is more common in glacier surges driven by a 438 
hydrological trigger such as Variegated Glacier (~15 years) (Eisen et al. 2005; Kamb 1987), 439 
Bering Glacier in Alaska (~26 years) (Fleisher et al. 1998) and Lowell Glacier in Yukon, 440 
Canada (~15 years) (Bevington and Copland 2014). In contrast, thermally-triggered surge 441 
cycles tend to be longer (> 50 years) (Benn et al. 2009; Dowdeswell et al. 1991; Frappé and 442 
Clarke 2007). However, Sabche Glacier’s surging behaviour reveals some unusual 443 
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characteristics compared to other hydrologically-triggered surge behaviour. First, the length of 444 
its surge phases (3 to 5 years) are more typical of the thermally triggered surges of Svalbard (3 445 
to 10 years) (Dowdeswell et al. 1991) than hydrologically-controlled ones (1 to 2 years) 446 
(Björnsson 1998; Harrison et al. 1994; Kamb et al. 1985). The quiescent phase (4 to 7 years) 447 
is also far shorter than surge-type glaciers controlled by either thermal or hydrological basal 448 
conditions (Dowdeswell et al. 1991; Eisen et al. 2005; Meier and Post 1969). These, together 449 
with the unusual rapidity of the surge cycle (10-11 years), suggest that other factors might be 450 
influencing the cyclicity of the surges.  451 
During the most recent surge, the coincidence of surface lowering (Fig. 5), intense crevassing 452 
(Fig. 6B) and increased velocities (Fig. 4D) in a distinct bowl-shaped area 3 km up-glacier 453 
from the terminus, strongly suggests that the ice responsible for terminus advance originated 454 
in this relatively localised reservoir mid-way along the glacier central flowline, rather than 455 
coming from further up-glacier. This bowl-shaped depression appears in satellite imagery from 456 
1970 and 2015 (both years when the glacier was surging) (Fig. 7), and we hypothesise that its 457 
development is related to a subglacial basin, or overdeepening, in the bed topography (Cook 458 
and Swift 2012). A slight concavity is visible in the 2015 ice surface long profile in Figure 5D. 459 
We also note the raised bump in the surface topographic expression at the down-glacier extent 460 
of the bowl in Figure 6B and the transverse line of intense extensional crevassing, visible in 461 
both 1970 and 2015 (yellow, dashed box in Fig. 7B and C) from which we infer the location 462 
of the down-glacier lip, or adverse slope, of a subglacial overdeepening. This leads us to 463 
hypothesise that Sabche Glacier’s surging behaviour is, in part, controlled by subglacial 464 
topography. In particular, we suggest that the narrow valley and adverse slope of the 465 
overdeepening provide resistance to glacier flow (Cook and Swift 2012), allowing ice to build 466 
up in the overdeepening to a sufficient thickness to cause surging. This leads to a much shorter 467 
quiescence phase than for surge-type glaciers controlled solely by thermal or hydrological basal 468 
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conditions. If ice was not trapped in the overdeepening, it might not be able to accumulate 469 
enough to surge. No other glacier surges have been observed in the region to date, despite 470 
favourable climatic conditions (Sevestre and Benn 2015), so we speculate that the behaviour 471 
is specific to Sabche Glacier, i.e. the subglacial topography. 472 
Based on our observations, we propose a conceptual model to explain the potential role of 473 
subglacial topography in Sabche Glacier’s surge cyclicity. 474 
1. Quiescent phase: ice accumulates in the overdeepening on the glacier. The down-475 
glacier lip of the overdeepening and narrow valley provide resistance to glacier flow 476 
further down-valley. Velocities on the glacier tongue are low and there is minimal 477 
change in terminus position. 478 
2. Surge phase 1 (rapid advance): sufficient ice accumulates to allow ice to flow out of 479 
the overdeepening (Fig. 6C), leading to rapid down-stream ice flow. The narrow and 480 
steep subglacial topography facilitates rapid advance and high flow velocities. 481 
3. Surge phase 2 (moderate advance): The ice reservoir in the overdeepening becomes 482 
depleted and the surging ice continues down-glacier. Maximum ice velocities propagate 483 
down-glacier. Eventually the glacier tongue thins and the lower part disconnects from 484 
the upper part and begins to stagnate and down-waste.  485 
A similar topographic mechanism was predicted to influence the slow surge of a small, 486 
unnamed glacier in the Yukon region in Canada, monitored between 2006 and 2009 (Flowers 487 
et al. 2011). Using an ice flow model, they demonstrated that a bedrock ridge on the down-488 
glacier side of an overdeepening on the glacier, could provide added resistance to ice flow. 489 
This promoted growth in the overdeepening during quiescence, allowing the glacier to surge, 490 
even under negative mass balance conditions. Bedrock also played an important role in glacier 491 
surging in the glacier flowline modelling of Budd and McInnis (1974), who showed that steeper 492 
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bedrock profiles led to surges at lower velocities and in thinner glaciers. This suggests that 493 
some glacier surges are strongly influenced by subglacial topography, and not solely 494 
controlled, or even triggered by, hydrological or thermal basal changes. Given the steep 495 
subglacial topography found in many high mountain regions, topographically-influenced 496 
surging may be important elsewhere, and potentially produce very rapid and hazardous surges.  497 
A subglacial overdeepening might also preferentially collect unconsolidated sediments 498 
(subglacial till) (Cook and Swift 2012), which could have an additional influence on the 499 
temporal pattern of surges observed on Sabche Glacier. When water pressure in the till 500 
increases sufficiently to support the overlying ice, it can dilate and deform, leading to glacier 501 
surging (Turrin et al. 2014). For example, subglacial till deformation has been inferred to 502 
generate regular (every ~7 years between 1973 and 2012) pulses of glacier acceleration 503 
observed on Ruth Glacier in Alaska (Turrin et al. 2014). Till failure is also thought to have 504 
influenced periodic (every 12 years) accelerations on Black Rapids Glacier in Alaska during 505 
its quiescence phase (Nolan 2003). However, subglacial observations (e.g. geophysical data of 506 
bed topography and substrate) are required to test this hypothesis for Sabche Glacier, and they 507 
do not currently exist. 508 
It is also possible that basal hydrology played a key role in Sabche Glacier’s surging behaviour. 509 
In particular, meltwater could accumulate in a bowl-shaped depression as the ice thickens, or 510 
through seasonal change (Cook and Swift 2012). Moreover, once the glacier thickens 511 
sufficiently to overcome the resistance offered by the topography, it is likely to trigger a 512 
positive feedback whereby the initial basal sliding across the bedrock promotes frictional/strain 513 
heating that generates further meltwater and further increases basal sliding. However, our data 514 
are not at a high enough temporal resolution to test whether there is a seasonal influence on the 515 
onset and termination of the surges and we cannot analyse changes to meltwater outflow due 516 
to limited hydrological data.  517 
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While we acknowledge that it is not possible to test our hypothesis of a subglacial topographic 518 
control on Sabche Glacier’s surge-type behaviour with the current available data, we suggest 519 
that future research should prioritise surveying the bed to confirm the presence/absence of a 520 
bedrock overdeepening and subglacial till and the configuration of subglacial meltwater 521 
drainage.    522 
A question still arises as to why, despite occurring at regular (approximately 10 years) intervals, 523 
there are marked differences in the size of the two most recent surges on Sabche Glacier? The 524 
most recent surge, from 2012 onwards, advanced twice the distance of the previous surge at 525 
the last measured date (25th March 2017) (Fig. 2). This suggests that the size of the surge is not 526 
necessarily related to surge-cycle length. A possible explanation is that a larger proportion of 527 
the glacier overcame resistance and became involved in the surge. Additional data, such as 528 
accumulation rates, subglacial topography and surface elevation change covering the three 529 
most recent surges would be required to test this hypothesis.  530 
 531 
  532 
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6 Conclusions 533 
In this paper, we report a newly-discovered surge-type glacier, the presence of which is 534 
consistent with previous work predicting the occurrence of surge-type glaciers in the central 535 
Himalayas (Sevestre and Benn 2015). Using a combination of manual digitisation, feature 536 
tracking and DEM differencing, we mapped changes in the terminus position, velocity and 537 
surface elevation of Sabche Glacier from 1967 to 2017. Our results show that Sabche Glacier 538 
surged four times in the last 50 years. The three most recent surges occurred at 10 to 11-year 539 
cycles, making it one of the shortest surge-cycles ever recorded. Its unusual surge-type 540 
characteristics (very short surge cycle, but relatively long surge phase of 3 to 5 years), do not 541 
fit clearly with the established paradigms for hydrologically- or thermally-driven surge 542 
mechanisms. Rather, the persistent reappearance of a bowl-shaped depression above a narrow 543 
valley constriction lead us to suggest that Sabche Glacier’s surge-type behaviour is influenced 544 
by subglacial topography. Specifically, we propose that the configuration of bedrock above the 545 
glacier tongue promotes the accumulation of mass in the overdeepening and leads to a more 546 
rapid surge cycle than would otherwise be possible. On this basis, our data highlight the 547 
importance of topography in controlling surge-type glacier behaviour, which may be relevant 548 
to glacier surging in other mountainous regions.  549 
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List of Figure Captions 684 
Figure 1: Study area map. A) Location of the central Himalayas and the A-M region in Nepal, B) 685 
location of Sabche Glacier in the A-M region, Pokhara and Ghachowk hydrological station and C) map 686 
of Sabche Glacier with the central flowline (yellow dotted line), the approximate position of the 687 
recurring separation point between the main body of the glacier and its tongue (red line) and the location 688 
of Annapurna III. The white arrow indicates the location of the glacier terminus. The base image is a 689 
pan-sharpened Landsat 8 scene from 1st December 2015, courtesy of USGS. 690 
Figure 2: Glacier frontal position changes of Sabche Glacier relative to 1967 with individual advance 691 
(surge) periods numbered (1 to 4). Circles plot measurement dates. 692 
Figure 3: A large increase in slope encouraging localised acceleration and extension, leading to the 693 
separation of Sabche Glacier’s tongue from the main part of the glacier and the exposure of bedrock in 694 
November 2017. See Figure 1 for the position of the recurring separation point on Sabche Glacier. 695 
Background image: Digital Globe imagery on Google Earth on 10th November 2017. 696 
Figure 4: Velocities (m day-1) on Sabche Glacier during 2011, 2013 and  2016 (B-E), arranged along 697 
a timeline with frontal position changes (A) for the same period. The glacier outlines show changes in 698 
the frontal positions of the glacier. The velocities were calculated using 15 m resolution imagery. 699 
Figure 5: A) Surface elevation change (m a-1) calculated from the 12th October 2014 (towards the 700 
beginning of the surge) and 19th November 2015 (middle of the surge) Pléiades DEMs, and the 701 
location of the glacier central flowline, the red dashed box indicates the location of the overdeepening 702 
B) 2014 DEM hill-shade (beginning of surge), C) 2015 DEM hill-shade (middle of surge) and D) 703 
central flowline long profiles of the 2014 and 2015 DEMs revealing surface elevation changes 704 
between the two dates, as the surge progressed. Red areas show net elevation loss, blue areas show net 705 
elevation gain. The black lines show the boundary between the sections of loss and gain at 1.8 and 4.8 706 
km distance from the headwall. The large increase in slope in the bed topography at the location 707 
where the glacier tongue repeatedly disconnects is indicated with a green arrow. The location of the 708 
hypothesised subglacial overdeepening is indicated with a maroon arrow. E) Mean elevation change 709 
(m a-1) on Sabche Glacier calculated between 12th October 2014 and 19th November 2015 per 200 m 710 
elevation band and the distribution of glacier area with elevation (red line). 711 
Figure 6: A summary of the morphological changes on the surface of Sabche Glacier between A) 12th 712 
October 2014 and B) 19th November 2015 (background image: hill-shades of Pléiades DEMs). C) 713 
Magnified view of the lobe-shaped feature on 12th October 2014 and D) same view on 19th November 714 
2015 with the heavily crevassed depression (background images: Pléiades panchromatic scenes of the 715 
same dates).716 
Figure 7: Repeated appearance of a bowl-shaped depression and similar crevasse patterns, 3 km up-717 
glacier of the terminus in 1970 and 2015. (A) Location of bowl-shaped depression, (B) crevasse patterns 718 
in a CORONA satellite image from 19th November 1970 and (C) in a Pléiades satellite image from 19th 719 
November 2015. The yellow dashed curved lines highlight similar crescentic crevassing and the yellow 720 
dashed boxes highlight similar intense crevassing at the point where the glacier flows into the narrow 721 
valley. 722 
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